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FAULT DETECTION SYSTEMS AND

METHODS FOR SELF-OPTIMIZING

HEATING, VENTILATION, AND AIR
CONDITIONING CONTROLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation of U.S. applica-
tion Ser. No. 12/323,293, filed Nov. 25, 2008, which 1s a
continuation-n-part of International Application No. PCT/
US2008/070091, filed Jul. 15, 2008, which claims the benefit
of U.S. Provisional Application No. 60/950,314, filed Jul. 17,
2007. The entire contents of U.S. application Ser. No. 12/323,
293, PCT Application No. PCT/US2008/070091 and U.S.
Provisional Application No. 60/950,314 are hereby incorpo-
rated by reference.

BACKGROUND

The present application relates generally to the field of
heating, ventilation, and air conditioning (HVAC) control.
More specifically, the present application relates to fault
detection systems and methods for self-optimizing HVAC
control.

Self-optimizing control strategies are used 1n the field of
HVAC control to optimize the performance of one or more
HVAC control loops. For example, 1n an air-side economizer
application, a damper driven by a self-optimizing control
strategy 1s used to minimize the energy consumption of an air
handling unit (AHU) by using cool outside air to cool an
indoor space (e.g., when conditioning outside air 1s more
energy elficient than cooling and conditioning recirculated
air).

Component malfunctioning in self-optimized control
loops can present a number of problems. For example, a
faulty component utilized 1n a self-optimized control loop can
impair functionality and lead to energy waste rather than
energy savings. More particularly, in the air-side economizer
example, damper malfunctioning prevents acceptable air
handling unit (AHU) operation. Damper faults include failed
actuator, damper obstruction, de-coupled linkage, and other
SITOors.

What 1s needed 1s a system and method for detecting faults
in HVAC systems using self-optimizing control strategies.

SUMMARY

One embodiment of the invention relates to a method for
detecting a fault 1n a process system. The method includes
moditying an mput of the process system with a modifying,
signal. The method also includes monitoring an output of the
process system for a signal component corresponding to a
function of the modifying signal and determining that the
fault exists based on at least one of a reduction of the signal
component and an unexpected transformation of the signal
component.

Another embodiment of the mnvention relates to a fault
detection system for detecting a faultin a process system. The
fault detection system includes a first circuit configured to
modily an input of the process system with a modifying
signal. The fault detection system further includes a second
circuit configured to receive an output from the process sys-
tem and configured to determine whether the fault exists
based on at least one of a reduction of a signal component and
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2

an unexpected transformation of the signal component,
wherein the signal component corresponds to a function of
the modifying signal.

Another embodiment of the invention relates to a controller
for detecting a fault in a process system. The controller
includes a circuit configured to atfiect an input of the process
system, the circuit configured to modify the mput with a
modifying signal, wherein the circuit 1s further configured to
monitor an output of the process system for a signal compo-
nent corresponding to a function of the modifying signal, and
wherein the circuit 1s further configured to determine whether
the fault exists based on at least one of a reduction of the
signal component and an unexpected transformation of the
signal component.

Alternative exemplary embodiments relate to other fea-
tures and combinations of features as may be generally
recited 1n the claims.

BRIEF DESCRIPTION OF THE FIGURES

The disclosure will become more fully understood from
the following detailed description, taking 1n conjunction with
the accompanying figures, wherein like reference numerals
refer to like elements, 1n which:

FIG. 1 1s a perspective view of a building with an HVAC
system having an AHU, according to an exemplary embodi-
ment;

FIG. 2 1s a schematic diagram of an HVAC system having

an AHU, according to an exemplary embodiment;
FIG. 3 1s a flow chart of a finite state machine of the HVAC
system of FIG. 2, according to an exemplary embodiment;
FIG. 4 1s a diagram of a system for operating and optimiz-
ing a process system, according to an exemplary embodi-

ment,
FIG. 5A 1s a diagram of the system of FIG. 4 with addi-
tional elements for detecting a fault in the process system,

according to an exemplary embodiment;
FIG. 5B 1s a diagram of the system of FIG. 4 with addi-
tional elements for detecting a fault in the process system,

according to another exemplary embodiment;
FIG. 6A 1s a diagram of the system of FIG. 4 with addi-
tional elements for detecting a fault in the process system,

according to yet another exemplary embodiment;

FIG. 6B 1s a diagram of the system of FIG. 4 with addi-
tional elements for detecting a fault in the process system,
according to yvet another exemplary embodiment;

FIG. 7 1s a diagram of a control system for an AHU,
according to an exemplary embodiment;

FIG. 8 1s a detailed diagram of a system for operating and
optimizing a process system and with additional elements for
detecting a fault in the process system, according to an exem-
plary embodiment;

FIG. 9 1s a diagram of an self-optimizing system that uti-
lizes an extremum secking controller with actuator saturation
control, according to an exemplary embodiment;

FIG. 10 1s a diagram of a system configured to utilize
multi-variable extremum seeking control output for fault
detection of the system, according to an exemplary embodi-
ment,

FIG. 11 1s a diagram of a system configured to utilize
multi-variable extremum seeking control output for fault
detection of the system, according to another exemplary
embodiment;

FIG. 12 1s a flow chart of a process for detecting a fault 1n
a process system, according to an exemplary embodiment;
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FIG. 13 1s a flow chart of a process for detecting a fault in
a process system, according to another exemplary embodi-
ment; and

FI1G. 14 1s a block diagram of a control system for affecting
the temperature of a building space, according to an exem-
plary embodiment.

DETAILED DESCRIPTION OF TH.
EXEMPLARY EMBODIMENTS

L1

Before turning to the figures which illustrate the exemplary
embodiments 1n detail, it should be understood that the appli-
cation 1s not limited to the details or methodology set forth 1n
the description or illustrated 1n the figures. It should also be
understood that the terminology 1s for the purpose of descrip-
tion only and should not be regarded as limiting.

Referring generally to the figures, systems and methods for
detecting faults 1n a self-optimizing control system are
shown. A modified signal 1s applied to an mnput of a process
system and an output of the process system 1s monitored for a
signal component that 1s a function of the modified 1nput
signal. A fault 1s determined to exist based on a reduction of
the signal component or an unexpected transformation of the
signal component. Some of the embodiments described relate
specifically to the use of a fault detection circuit with an
extremum seeking controller. Perturbed inputs of the process
system provided by the extremum seeking controller can be
used for optimization purposes and for fault detection pur-
poses, with the system determining that a fault exists when the
perturbed mput does not result 1n an expected and/or corre-
sponding output. In the HVAC context, and particularly in the
air-side economizer context, a self-optimizing control strat-
egy used to adjust a damper that affects the outside air pro-
vided to an AHU can be monitored for faults by checking for
the existence of an expected signal component at an output of
the self-optimizing control strategy (e.g., by examining a
performance measure of the process system used by the seli-
optimizing control strategy).

FI1G. 1 1s a perspective view of a building 2 with an HVAC
system, according to an exemplary embodiment. As 1llus-
trated, building 2 includes an AHU 4 that 1s part of an HVAC
system that 1s used to condition, chill, heat, and/or control the
environment of an interior area 6 of building 2. The control
system for AHU 4 1s configured to utilize an extremum seek-
ing control (ESC) strategy to provide economizer function-
ality; optimizing the flow of air provided to AHU 4 from the
outside 1n order to minimize the power consumption of AHU
4.

ESC 1s a class of self-optimizing control strategies that can
dynamically search for inputs of an unknown and/or time-
varying system to optimize performance of the system. One
application for ESC 1s to provide economizer control to an
AHU, seeking to optlmlze the behavior of a damper con-
trolled by an actuator to minimize the power consumption of
the AHU. ESC can also be used for other applications inside
and outside the HVAC 1ndustry (e.g., wind turbine control,
fluid pump control, energy delivery control, etc.). In an ESC
strategy, a gradient of process system output with respect to
process system mnput 1s typically obtained by slightly perturb-
ing the operation of the system and applying a demodulation
measure. Optimization ol process system performance 1s
obtained by drniving the gradient towards zero by using an
integrator or another mechanism for reducing the gradient 1in
a closed-loop system.

According to other exemplary embodiments, building 2
may contain more AHUs. Each AHU may be assigned a zone
(e.g., area 6, a set of areas, a room, part of a room, a floor, a
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part of a floor, etc.) of building 2 that the AHU 1s configured
to atfect (e.g., condition, cool, heat, ventilate, etc.). Each zone
assigned to an AHU may be further subdivided through the
use of variable air volume boxes or other HVAC configura-
tions.

While the present application describes the invention with
frequent reference to the application of air-side economizers
in HVAC systems, the present invention may be utilized with
applications and self-optimizing control loops other than
those described herein.

Referring now to FIG. 2, a schematic diagram of an envi-
ronmental control system 200 (e.g., HVAC control system)
having an AHU 4 1s shown, according to an exemplary
embodiment. Environmental control system 200 includes a
workstation 202, a supervisory controller 204 (e.g., a network
automation engine (NAE)), and an AHU controller 210.
According to an exemplary embodiment, AHU controller 210
1s configured to utilize an ESC strategy. AHU controller 210
1s coupled to supervisory controller 204 via communications
link 220. Workstation 202 and supervisory controller 204 are
coupled via a communications bus 206. Communications bus
206 may be coupled to additional sections or additional con-
trollers, as well as other components utilized 1n environmen-
tal control system 200. Environmental control system 200
may be a building automation system such as a METASYS®
brand system manufactured by Johnson Controls, Inc.

Retferring now to FIGS. 2 and 3, controller 210 1s opera-
tively associated with AHU 4 and controller 210 1s configured
to operate as a finite state machine with the three states
depicted 1n FIG. 3, according to an exemplary embodiment.
Controller 210 operates AHU 4 using ESC when 1n state 303.
A transition occurs from one state to another, as indicated by
the arrows, when a specified condition or set of conditions
occurs. In an exemplary embodiment, operatlon data of AHU
4 1s checked when controller 210 1s 1n a given state to deter-
mine whether a transition condition exists. A transition con-
dition may be a function of the present state of the system, a
specific time 1nterval, a temperature condition, a supply air
condition, a return air condition and/or other conditions that
may exist and be utilized by controller 210.

In cold climates, the 1nitial state of control 1s heating 1n
state 301. The system starts up in state 301 to minimize the
potential that cooling coil 244 and/or heating coil 240 will
freeze. In state 301, valve 242 for heating coil 240 1s con-
trolled to modulate the flow of hot water, steam, or electricity
to heating coil 240, thereby controlling the amount of energy
transierred to the air 1 an effort to maintain the supply air
temperature at the setpoint. Dampers 260, 262, and 264 are
positioned for a minimum flow rate of outdoor air and there 1s
no mechanical cooling, (1.e., chilled water valve 246 1s
closed). The minimum flow rate of outdoor air 1s the least
amount required for satisfactory ventilation to the supply duct
290. For example, 20% of the air supplied to duct 290 is
outdoor air. The condition for a transition to state 302 from
state 301 1s defined by the heating control signal remaining 1n
the “No Heat Mode.” Such a mode occurs when valve 242 of
heating coil 240 remains closed for a fixed period of time (1.¢.,
heating of the supply air 1s not required during that period).
This transition condition can result from the outdoor tempera-
ture rising to a point at which the air from supply duct 290
does not need mechanical heating or after the heating control
signal has been at 1ts minimum value (no-heat position) for a
fixed period of time.

In state 302, the system 1s utilizing outdoor air to provide
free cooling to the system. State 302 controls the supply air
temperature by modulating dampers 260, 262, and 264 to
adjust the mixing of outdoor air with return air (i.e., no
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mechanical heating or cooling). The amount of outdoor air
that 1s mixed with the return air from return duct 292 1s
regulated to heat or cool the air being supplied via supply duct
290. Because there 1s no heating or mechanical cooling, the
inability to achieve the setpoint temperature results in a tran-
sition to etther state 301 or state 303. A transition occurs to
state 301 for mechanical heating when either for a fixed
period of time the flow of outdoor air 1s less than that required
for proper ventilation or outdoor air inlet damper 262 remains
in the minimum open position for a given period of time. The
finite state machine makes a transition from state 302 to state
303 for mechanical cooling upon the damper control remain-
ing in the maximum outdoor air position (e.g., 100% of the air
supplied by the AHU 1s outdoor air) for a fixed period of time.

In state 303, chilled water valve 246 for cooling coil 244 1s
controlled to modulate the tlow of chilled water and to control
the amount of energy removed from the air. Further, ESC 1s
used to modulate dampers 260, 262, and 264 to introduce an
optimal amount of outdoor air into AHU 4. In an exemplary
embodiment, a transition occurs to state 302 when the
mechanical cooling does not occur for the fixed period of time
(1.e., the cooling control 1s saturated in the no-cooling mode).

Referring now to FIG. 4, a simplified block diagram of a
system 400 for operating and optimizing a process system
404 1s shown, according to an exemplary embodiment.
According to various exemplary embodiments, a process sys-
tem 1s any electronic or mechanical system (one more hard-
ware devices) that uses one or more 1nput signals to control-
lably atfect one or more output signals. The process system,
for example, may be an air handling unit that uses setpoint
and/or position mputs to affect one or more properties of air.
According to other exemplary embodiments, the process sys-
tem may be an energy conversion system (e.g., a wind turbine
system, a photovoltaic system, a hydraulic energy conversion
system, etc.), a hydraulic system, a pumping system, or the
like that can be controlled for desirable performance.

System 400 1s shown to include a controller 402 (e.g., a
local controller, a feedback controller) that provides an input
(e.g., an actuating input) to process system 404. The input
may be provided to process system 404 as a function of a
setpoint (or other inputs) recerved by controller 402. Extre-
mum seeking controller 406 receives one or more outputs
(e.g., a performance measure) from process system 404 and
provides an optimizing input to process system 404 to opti-
mize the process system’s behavior (e.g., to optimize energy
consumption, etc.).

Referring now to FIG. 5A, the diagram of FI1G. 4 1s shown
with additional elements for detecting a fault 1n process sys-
tem 404, according to an exemplary embodiment. Particu-
larly, system 500 1s shown to include modifying signal gen-
erator 407 and fault detection module 408. Modifying signal
generator 407 1s configured to modily an input of process
system 404 with a moditying signal. Fault detection module
408 1s configured to monitor an output of process system 404
for a signal component corresponding to a function of the
modifying signal. Fault detection module 408 determines that
process system 404 1s fault free 1f the signal component 1s
available. In other words, fault detection module 408 deter-
mines that process system 404 includes a fault based on at
least one of a reduction of the signal component and an
unexpected transformation of the signal component relative
to the modifying signal.

As shown 1n FIG. 5A, the input modified 1s the mnput to
process system 404 provided by extremum seeking controller
406. It should be noted that the modifying signal that modifies
an 1mput of process system 404 could be added to the system
by extremum seeking controller 406. For example, a normal
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perturbation of the extremum seeking controller may be the
modifying signal provided to the system.

It might be noted that, 1n various exemplary embodiments,
the input modified for the purpose of fault detection may be
other than an optimizing input. For example, FIG. 5B 1llus-
trates an embodiment 1n which signal generator 409 modifies
an mput provided to process system 404 from feedback con-
troller 402.

Referring still to FIG. SA, the output monitored by fault
detection module 408 1s a performance measure utilized 1n
the control loop of extremum secking controller 406. By
contrast, system 600 of FIG. 6A illustrates fault detection
module 608 receiving an output from process system 604 that
1s not fed back to extremum seeking controller 606. In the
embodiment shown 1n FIG. 6 A, extremum seeking controller
606 provides the modifying signal to an mput of process
system 604 without the assistance of a separate signal gen-
crator (e.g., moditying signal generator 407 as shown in FIG.
5A-B). In decision block 610 of fault detection module 608,
an output from process system 604 1s monitored for the peri-
odic component of the modifying signal at 2m/T, where T 1s
the period of the moditying input. In other words, fault detec-
tion module 608 monitors for the periodic component of the
moditying input at the angular frequency of the modifying
signal.

It might be noted that, 1n various exemplary embodiments,
any one or more outputs from the process system may be used
by the fault detection module to monitor for the modifying
input. For example, 1n system 6350 of FI1G. 6B, fault detection
module 608 1s shown recerving an output from process sys-
tem 605 that 1s not provided back to either extremum seeking
controller 606 or feedback controller 601. In various embodi-
ments, the output monitored by the fault detection module
may be generated by the process system 1tself, by one or more
sensors utilized by the extremum seeking controller, the pro-
cess system and/or by the feedback controller, or the output
monitored by the fault detection module may be generated by
a sensor not otherwise used by the system or used by a
component remote from the system.

Referring now to FI1G. 7, acontrol system 700 for AHU 716
1s shown, according to an exemplary embodiment. In control
system 700, extremum seeking controller 706 provides a
signal that controls the position of a damper associated with
AHU 716. Feedback controller 702 provides a cooling coil
value position, or another value, to control to AHU 716 and to
extremum secking controller 706. Feedback controller 702
determines the cooling coil setpoint based on a temperature
setpoint recerved from a controller (e.g., a supervisory con-
troller, an enterprise level controller, a field controller, a user
interface, etc.) upstream of controller 702. According to an
exemplary embodiment, the damper position 1s modulated 1n
a manner that 1s calculated to cause expected perturbations 1n
the supply air temperature atfected by AHU 716 and sensed
by temperature sensor 717. In the exemplary embodiment
illustrated 1n FIG. 7, the output provided by temperature
sensor 717 1s provided to feedback controller 702 as a feed-
back signal and 1s provided to fault detection module 708.
Fault detection module 708 1s configured to monitor the sig-
nal(s) recerved from temperature sensor 717 for a signal com-
ponent corresponding to the modulated damper position sig-
nal provided to AHU 716 by extremum secking controller
716.

Referring now to FIG. 8, a block diagram of a system 800
1s shown, according to an exemplary embodiment. In system
800, extremum seeking controller 820 determines a perfor-
mance gradient through the use of high pass filter 822, a
demodulation signal provided by generator 821, and a dither
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signal provided by generator 831. Integrator 828 is used to
drive the performance gradient to zero 1n order to optimize the
closed loop system created by extremum seeking controller
820 and process system 840. Process system 840 1s repre-
sented mathematically as a combination of input dynamics
842, performance map 844, and output dynamics 848. Input
dynamics 842 provides a function signal u which 1s passed to
nonlinear performance map 844. The output of performance
map 844 1s then passed to output dynamics 848 to provide an
output signal y,. Extremum seeking controller 820 seeks to
find a value for u that minimizes the output of performance
map 844, thereby also minimizing output signal y,. As an
illustrative example, output signal yp may be represented by
the expression:

yp —P (H):(H_Hapr)E

where p(u) represents the performance map and u,,, repre-
sents the value at which p(u) 1s minimized. The actual repre-
sentative format of a performance map for any particular
process system 1s system and application specific. Output
signal v 1s passed through output dynamics 848 to provide
signal y,, which 1s received by extremum seeking controller
820. The performance gradient signal 1s produced by perturb-
ing the system by adding a dither signal to the ESC loop at
processing element 832. Return signal y, (1.e., performance
measure) 1s used to detect the performance gradient through
the use of high-pass filter 822, a demodulation signal com-
bined with (e.g., multiplied by) the output of high-pass filter
922 at processing element 924, and low-pass filter 826. The
performance gradient 1s a function of the difference between
u and u,,,. The gradient signal 1s provided as an input to
integrator 828 to drive the gradient to zero, optimizing the
control loop.

While various embodiments described throughout this dis-
closure relate to minimizing an output signal, mimmizing an
error, minimizing a gradient, minimizing the performance
map, and the like, 1t should be appreciated that various other
optimizing systems may seek to maximize similar or different
values, controlled variables, or performance measures relat-
Ing to a process system.

Reterring still to FIG. 8, performance measure y,, 1s pro-
vided from process system 840 to fault detection module 802.
Fault detection module 802 1s shown to include a bandpass
filter 804 which 1s configured to filter out low and high fre-
quencies around the angular frequency of the dither signal so
that a signal component indicative of the dither signal can be
extracted from performance measure signal y . If the value v
of the signal provided by bandpass filter 804 1s greater than a
threshold, a signal component indicative of the dither signal
was significantly preserved by process system 840, and fault
detection module 802 will indicate that a fault does not exist.
Conversely, 11 the value v of the signal provided by bandpass
filter 804 1s less than or equal to the threshold, a signal
component 1ndicative of the dither signal was not signifi-
cantly preserved by process system 840, and fault detection
module 802 will indicate that a fault exists.

Referring now to FIG. 9, a block diagram of a system 900
having an extremum seeking controller with actuator satura-
tion control 920 1s shown, according to an exemplary embodi-
ment. Feedback from actuator 940 (e.g., an actuator for an
AHU damper, the element being directly adjusted by the
extremum secking controller) has been added to system 900
to limit the effects of actuator saturation. The difference
between the mput and output signals for actuator 940 con-
trolled by extremum seeking controller 920 1s calculated at
processing element 938. In an exemplary embodiment, pro-
cessing element 938 computes the difference between the
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signal sent to the actuator and a measurement taken at the
actuator that 1s indicative of the physical output of the actua-
tor. The difference signal produced by processing element
938 1s then amplified by a gain 930 and added to the input of
integrator 932 at processing element 928, thereby limiting the
input to integrator 932 and preventing the integrator from
entering a condition known as “winding up.” In an exemplary
embodiment, processing element 938 1s implemented 1n soit-
ware (e.g., stored 1n memory as code and executed by a
processing circuit) and compares the signal output to the
actuator to a stored range of values corresponding to the
physical limits of the actuator.

Referring still to FIG. 9, the difference signal produced by
processing element 938 1s provided to fault detection module
902 with performance measure y,, from process system 950.
Fault detection module 902 includes a low pass filter 906 for
removing noise from the signal recerved from element 938.
Fault detection module 902 includes a decision block 908
where the output from low pass filter 902 1s checked for an
actuator saturation condition 1n addition to the presence of a
dither signal component. If the difference d between the
actuator mput and the actuator output 1s small relative to a
threshold h, for the actuator saturation condition, then the
actuator will be known to not be saturated. When v 1s smaller
than the threshold h, for identitying the presence of the signal
component indicative of the dither added to the system and
the actuator 1s not saturated, the fault detection module will
determine that a fault exists in the system (e.g., and that the
lack of the dither signal component on the output is not simply
due to the actuator being temporarily saturated). According to
an exemplary embodiment, the difference d between the
actuator mput and the actuator output 1s low-pass filtered to
remove noise or other transient states of the difference signal.

Referring now to FIG. 10, a block diagram of a system
1000 having a multi-variable extremum seeking controller
1020 1s shown, according to an exemplary embodiment.
Extremum seeking controller 1020 seeks to optimize process
system 1nputs u, and u, to minimize the output of perfor-
mance map 1064. In other words, extremum seeking control-
ler 1020 works to drive two performance gradients to zero by
perturbing process system 1060 1n two different ways (e.g.,
by modifying input signals provided by generator 1022 and
generator 1024). According to the exemplary embodiment
shown 1n FIG. 10, fault detection module 1002 1includes two
bandpass filters 1004 and 1006 configured to extract the two
moditying input signals used to perturb process system 1060
by extremum seecking controller 1020. Particularly, bandpass
filter 1004 1s configured to monitor for angular frequencies
according to m,, the angular frequency at which generator
1022 provides 1ts dither signal, and bandpass filter 1006 1s
configured to monitor for angular frequencies according to
m,, the angular frequency at which generator 1024 provides
its dither signal. Decision element 1008 checks for whether
either the output from bandpass filter 1004 or the output from
bandpass filter 1006 1indicates a fault 1n the system.

Referring now to FIG. 11, extremum seeking controller
1120 1s shown to configured for multi-varniable optimization
to include m modifying inputs to process system 1160 and to
seck the minmimization of m performance gradients. Accord-
ingly, system 1100 includes fault detection module 1102
including bandpass filter bank 1104 for monitoring for all of
the dither signals provided by the various generators of extre-
mum seeking controller 1120. Decision block 1106 checks
for whether any of the bandpass filter outputs indicate a fault
in the system (e.g., whether any of the bandpass filter outputs
indicates that a modifying input has not expectedly propagat-
ing through the system to the output of process system 1160).
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Referring generally to the exemplary embodiments shown
in FIGS. 5-11 and various contemplated alternatives thereof,
it should be noted that any number of modifying mputs may
be provided to the process system and any number of process
system outputs may be present in the system and used by the
extremum secking controller and the fault detection module
to conduct the fault detection activities described herein.
While some of the fault detection modules shown in FIGS.
5-11 utilize bandpass filters to 1solate/monitor performance
measures of the system for signal components indicative of
the modilying signals added to the system, 1t should be noted
that other configurations and methods may be used. For
example, 1 some exemplary embodiments, a frequency
domain analysis using, for example, a fast Fourier transform
(FFT)may be used to monitor for the signal component and to
detect faulty operation. In vet other exemplary embodiments,
the vanation of system output can be tracked using time-
domain (e.g., zero-cross detection) analysis. In various
embodiments having a bandpass filter, the bandpass filter may
have a passband 01 0.8*w _~1.2*w ,. In various other embodi-
ments having a bandpass filter, the bandpass filter may be a
second order Butterworth filter with a passband of
0.8%w ~3.5*%w,. The passband of 0.8*w ~3.5%w, may
account for systems 1n which some nonlinearity in the static
map produces strong second or third harmonics that can be
observed for fault detection purposes. Further, a vanety of
additional processing may be applied to monitored and/or
filtered signal components for fault detection purposes. For
example, the mean average difference (MAD) or the standard
deviation (STD) of a performance measure may be examined
for faults. Other types of statistical analysis of the perfor-
mance measure may also or alternatively be conducted to
determine 1 the indicia of a moditying mput added to the
system 1s present in the performance measure.

Referring now to FI1G. 12, a flow diagram of a process 1200
for detecting a fault 1n a process system 1s shown, according
to an exemplary embodiment. Process 1200 1s shown to
include operating the process system (step 1202), which may
include one or more steps for optimizing the system. Process
1200 1s further shown to include modifying an 1nput of the
process system with a moditying signal (step 1204). In vari-
ous exemplary embodiments, modifying the input of the pro-
cess system with a modifying signal 1n step 1204 may be a
part of the one or more steps for optimizing the system (e.g.,
the modifying signal may be used in the optimization pro-
cess). Process 1200 1s further shown to include monitoring an
output of the process system for a signal component corre-
sponding to a function of the modifying signal (step 1206).
The signal component may be a harmonic of the moditying
signal, amplitude or phase corresponding to the modifying
signal, or any other indicia of the moditying signal at an
output of the process system. Process 1200 further includes
determining that a fault 1n the process system exists based on
at least one of a reduction of the signal component and an
unexpected transformation of the signal component (step
1208). If the signal component 1s receirved at the process
system output as expected, on the other hand, a determination
may be made that no fault in the system exists.

Referring now to FI1G. 13, a flow diagram of a process 1300
for detecting a fault 1n a process system 1s shown, according
to another exemplary embodiment. The process system of
process 1300 utilizes an extremum seeking controller and
process 1300 1s shown to include the step of operating the
process system according to a first input recerved from a first
controller and a second iput recerved from an extremum
secking controller (step 1302). Process 1300 further includes
moditying the second mmput with a moditying signal (step
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1304). According to an exemplary embodiment, the modify-
ing signal 1s a sinusoidal dither signal applied to the process
system as a part of the extremum seeking control strategy.
Process 1300 1s also shown to include monitoring a pertor-
mance measure of the process system for an indication of the
moditying signal (step 1306) and determiming whether a fault
in the process system exists based on a presence, absence,
reduction, or transformation of the indication (step 1308).

Referring now to FIG. 14, a block diagram of a control
system 1400 for affecting the temperature of a building space
1s shown, according to an exemplary embodiment. Control
system 1400 1ncludes a supervisory controller 1402, a con-
troller 1404, a temperature regulation system 1406, a tem-
perature sensor 1408, an actuator 1410, and a damper 1412.
Controller 1404 receives temperature setpoint information
from supervisory controller 1402. The temperature setpoint is
used to drive a control loop including the temperature regu-
lation system 1406, temperature sensor 1408, and tempera-
ture regulation system controller 1414. Temperature regula-
tor system controller 1414 compares the temperature
measured by temperature sensor 1408 and recerved via inter-
tace 1426 to the setpoint temperature provided by supervisory
controller 1402 via an interface 1426. A temperature regula-
tion command signal 1s provided to temperature regulation
system 1406 via an interface 1426. Temperature regulation
system 1406 provides mechanical heating or cooling 1n order
to drive the temperature of the air affected by the system to the
setpoint. Controller 1404 further includes a control loop that
controls the position of damper 1412 (e.g., outdoor air
damper) via actuator 1410 and interface 1426. The control
loop that controls the position of damper 1412 searches for a
setting for the damper that minimizes the power consumed by
temperature regulation system 1406. A performance gradient
probe 1416 detects a difference between the optimal settings
for damper 1412 and the current settings for damper 1412. In
an exemplary embodiment, performance gradient probe 1416
identifies a performance gradient between actual and optimal
performance of the system. Integrator 1418 1s configured to
minimize the gradient by producing an actuator command
signal to drive actuator 1410 to 1ts optimal setting. Actuator
1410 receives the actuator command signal and regulates
damper 1412, controlling a flow of air relating to temperature
regulator system 1406.

In the exemplary embodiment 1llustrated in FIG. 14, con-
troller 1404 1s implemented with a processing circuit 1420,
memory 1422, and processor 1424. According to an exem-
plary embodiment, processor 1424 and/or all or parts of pro-
cessing circuit 1420 can be implemented as a general purpose
processor, an application specific integrated circuit (ASIC),
one or more field programmable gate arrays (FPGAs), a
group ol processing components, one or more digital signal
processors, etc. Memory 1422 (e.g., memory unit, memory
device, storage device, etc.) may be one or more devices for
storing data and/or computer code for completing and/or
facilitating the various processes described in the present
disclosure. Memory 1422 may include a volatile memory
and/or a non-volatile memory. Memory 1422 may include
database components, object code components, script coms-
ponents, and/or any other type of mformation structure for
supporting the various activities described in the present dis-
closure. According to an exemplary embodiment, memory
1422 1s communicably connected to processor 1424 and
includes computer code for executing (e.g., by processor
1424) one or more processes described herein. Memory 1422
may also include various data regarding the operation of one
or more of the control loops relevant to the system (e.g.,
performance map data, historical data, behavior patterns
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regarding energy used to adjust a temperature to a setpoint,
etc.). In an exemplary embodiment, the functions of control-
ler 1404 are implemented as software within memory 1422 of
processing circuit 1420 and components 1414, 1416, 1418,
and 1420 are software modules of the system. Fault detection
module 1419 may be configured to detect faults by monitor-
ing temperature sensor data retrieved over a period of time for
indicia of a signal component added to the actuator command
signal provided to actuator 1410.

According to the exemplary embodiments shown 1n at least
FIGS. 5A-11, systems implementing the fault detection cir-
cuits, modules, and/or methods described herein are closed-
loop systems using feedback to make decisions about
changes to the mput that drives the process system.

The construction and arrangement of the systems and
methods as shown 1n the various exemplary embodiments are
illustrative only. Although only a few embodiments have been
described 1n detail 1n this disclosure, many modifications are
possible. All such modifications are mtended to be included
within the scope of the present disclosure. The order or
sequence ol any process or method steps may be varied or
re-sequenced according to alternative embodiments. Other
substitutions, modifications, changes, and omissions may be
made 1n the design, operating conditions and arrangement of
the exemplary embodiments without departing from the
scope of the present disclosure.

Embodiments within the scope of the present disclosure
include program products comprising machine-readable
media for carrying or having machine-executable instruc-
tions or data structures stored thereon. Such machine-read-
able media can be any available media that can be accessed by
a general purpose or special purpose computer or other
machine with a processor. By way of example, such machine-
readable media can comprise RAM, ROM, EPROM,
EEPROM, CD-ROM or other optical disk storage, magnetic
disk storage or other magnetic storage devices, or any other
medium which can be used to carry or store desired program
code 1n the form of machine-executable istructions or data
structures and which can be accessed by a general purpose or
special purpose computer or other machine with a processor.
Combinations of the above are also included within the scope
ol machine-readable media. Machine-executable instructions
comprise, for example, instructions and data which cause a
general purpose computer, special purpose computer, or spe-
cial purpose processing machines to perform a certain func-
tion or group of functions.

It should be noted that although the figures may show a
specific order of method steps, the order of the steps may
differ from what 1s depicted. Also two or more steps may be
performed concurrently or with partial concurrence. Such
variations will depend on the software and hardware systems
chosen and on designer choice. All such variations are within
the scope of the disclosure. Likewise, software implementa-
tions could be accomplished with standard programming,
techniques with rule based logic and other logic to accom-
plish the various connection steps, processing steps, compari-
son steps and decision steps.

What 1s claimed 1s:

1. A fault detection system for detecting a fault 1n a process

system, comprising:

a first circuit configured to modily an input of the process
system with a periodic modifying signal, wherein the
first circuit 1s part of an extremum seeking controller and
wherein the periodic moditying signal applied to the
input of the process system comprises a dither signal
applied to the mput for probing for a performance gra-
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dient used by the extremum seeking controller to opti-
mize the process system; and

a second circuit configured to recerve an output from the
process system and to compare a signal component from
the output of the process system to a function of the
dither signal and to determine whether a fault exists
based on at least one of a detected reduction of the signal
component and an unexpected transformation of the
signal component;

wherein the second circuit 1s configured to provide an
output signal indicative of the presence of the fault to at
least one of a computerized system, a memory device, a
communications device, and an electronic display.

2. A controller for detecting a fault 1n a process system, the

controller comprising;:

a circuit configured to affect an input of the process system
according to an extremum seeking control strategy,
wherein the circuit 1s configured to modily the input
with a periodic modilying signal having a dither signal at
a first frequency as a part of the extremum seeking
control strategy, wherein the circuit controls at least one
mamipulated variable of the process system by using the
periodic moditying signal to identify a performance gra-
dient in the process system, wherein the extremum seek-
ing control strategy operates to drive the performance
gradient to zero;

wherein the circuit 1s further configured to monitor an
output of the process system for a signal component
corresponding to a function of the first frequency of the
dither signal periodic modifying signal, and wherein the
circuit 1s further configured to determine whether the
fault exists based on at least one of a reduction of the
signal component and an unexpected transformation of
the signal component;

wherein the circuit 1s further configured to provide an
output signal indicative of the presence of the fault to at
least one of a computerized system, a memory device, a
communications device, and an electronic display
device.

3. The controller of claim 2, wherein the process system
comprises a temperature regulator configured to regulate
temperature 1n response to a first control signal, and wherein
the process system further comprises a damper moved by an
actuator;

wherein the circuit 1s configured to operate the actuator by
providing a second control signal to the actuator, and
wherein modifying the input of the process system with
a periodic modifying signal comprises moditying the
second control signal provided to the actuator with the
periodic moditying signal.

4. The controller of claim 3, wherein the circuit 1s config-
ured to operate the actuator according to the extremum seek-
ing control strategy.

5. The controller of claim 2, wherein the circuit comprises:

a filter configured to filter the output of the process system
to extract the signal component from the output.

6. The controller of claim 5, wherein the filter comprises a

bandpass filter.

7. The controller of claim 2, wherein the circuit 1s config-
ured to compare the signal component to a threshold power
level to determine whether the fault exists.

8. The controller of claim 2, wherein the periodic modify-
ing signal 1s at least one of rectangular, triangular, ellipsoidal,
and sinusoidal.

9. The controller of claim 2, wherein the circuit determin-
ing that the fault exists comprises at least one of:
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(a) comparing the signal component to a threshold power
level at a frequency corresponding to the periodic modi-
tying signal; and

(b) comparing a phase of the signal component to an
expected phase based on the periodic moditying signal.

10. The controller of claim 2, wherein the circuit monitor-
ing the output of the process system for a signal component
corresponding to a function of the periodic moditying signal
comprises at least one of:

(a) extracting the signal component from the output using

a filter configured with a passband including an angular
frequency component of the periodic modifying signal;

(b) conducting a frequency domain analysis of the output
using a fast Fourier transform; and

(c) conducting a time-domain analysis of the output using
a zero-cross detection method.

11. The controller of claim 2, wherein the output 1s fed back
to the first circuit for operating the process system as a closed-
loop system.

12. The controller of claim 2, wherein the input to the
process system 1s provided by the circuit to the process sys-
tem for operating the process system as a closed-loop system.

13. The controller of claim 2, wherein the circuit 1s config-
ured to operate the process system as a closed-loop a feedback
controller according to the extremum seeking control strat-
egy.

14. A computerized method for detecting a fault 1n a pro-
cess system, the method comprising:

modilying an input of the process system with a modifying
signal to determine whether the fault exists 1n the pro-
cess system;

optimizing the process system utilizing the output accord-
ing to an extremum seeking control strategy, wherein the

modifying signal comprises a dither signal provided to
the mput as a part of the extremum seeking control

strategy;
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monitoring an output of the process system for a signal
component corresponding to a function of the moditying
signal;

determining whether a fault exists by comparing the signal
component from the output of the process system to the
function of the modifying signal based on at least one of
a reduction of the signal component and an unexpected
transtformation of the signal component; and

providing an output representing the fault determination to
at least one of an electronic display and communications

electronics.
15. The method of claim 14, wherein the dither signal 1s at

least one of rectangular, triangular, ellipsoidal, and sinusoi-
dal.

16. The method of claim 14, further comprising;:

extracting the signal component from the output using a
filter network.

17. The method of claim 14, wherein determining that the

fault exists comprises at least one of:

(a) comparing the signal component to a threshold power
level corresponding to the periodic moditying signal;
and

(b) comparing a phase of the signal component to an
expected phase based on the modifying signal.

18. The method of claim 14, wherein monitoring for the

output of the process system for a signal component corre-
sponding to a function of the modifying signal comprises at
least one of:
(a) extracting the signal component from the output using
a filter configured with a passband including an angular
frequency component of the modifying signal;
(b) conducting a frequency domain analysis of the output
using a fast Fourier transform; and
(¢) conducting a time-domain analysis of the output using
a zero-cross detection method.
19. The method of claim 14, wherein the process system 1s
an heating, ventilation, or air conditioning system.
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